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1.  Introduction 


Because  propellant  mechanical  properties  are  not  static  but  rather  functions  of 
temperature  (also  functions  of  strain,  strain  rate,  temperature  gradient,  time,  etc.), 
determination  of  the  mechanical  properties  of  propellants  is  needed  to  determine 
processing/fabrication  parameters,  physical  shape  degradation  in  storage,  physical 
failure  during  the  ballistic  cycle,  and/or  demilitarization/material  recycling.  A 
majority  of  the  mechanical  property  needs  can  therefore  be  linked  to  safe  operation 
during  each  element  of  the  life  cycle  of  the  propellant.  JA2,  a  relatively  simple 
viscoelastic  gun  propellant,  has  received  attention  because  of  its  simplified 
structure  and  has  been  used  as  a  reference  baseline  for  evaluation  of  other 
propellants.'  ^  In  addition,  temperature  extremes  for  both  storage  and  service  use 
of  weapon  systems  have  expanded  in  recent  years.  Therefore,  the  temperature  range 
at  cogent  strain  rates  also  needs  to  be  expanded,  especially  for  baseline  references. 

This  report  provides  the  primary  data  for  mechanical  property  determination  of 
virgin  large-caliber  7-perforation  JA2  grains  as  a  function  of  temperature  from 
-50  to  80  °C  at  a  ballistically  relevant  strain  rate  of  approximately  100  s"'  (this 
strain  rate  is  considered  to  be  representative  of  the  conditions  present  in  a  typical 
large-caliber  gun  interior  ballistic  cycle).’  This  temperature  range  includes  most  of 
the  temperatures  encountered  by  typical  munitions  in  either  service  or  storage 
conditions.  Engineering  stress/strain  curves  at  each  decade  of  temperature  in  this 
range  are  expected  to  traverse  the  glass-transition  temperature  regime  and  access 
properties  nearing  the  viscous  flow  regime.  These  properties,  properly  coupled  with 
interior  ballistic  calculations,  can  be  used  to  predict  safe  gun  firing  conditions. 
These  mechanical  property  data  will  be  added  to  the  US  Army  Research  Laboratory 
database  of  similar  mechanical  property  data  at  this  strain  rate  for  many  propellants. 

It  is  understood  that  during  a  ballistic  event,  propellant  grains  in  a  munition 
typically  experience  bed  movement  and  collisions  with  gun  wall  components  as 
well  as  with  other  grains  during  the  ballistic  cycle.  These  impacts  are  dynamic 
events  that  place  all  or  part  of  each  impacted  grain  in  compression.  Therefore,  the 
mechanical  properties  were  obtained  via  high-rate  uniaxial  compression  to  simulate 
these  impact  events. 
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2.  Experimental 


The  Material  Test  Systems  Servo-Hydraulie  Tester  (MTS-SHT)  shown 
sehematieally  in  Fig.  1  was  used  to  obtain  the  high-rate  uniaxial  compressive 
mechanical  response^^  of  the  virgin  JA2  propellant  samples,  lot  no.  RAD-PE-792- 
71.  The  JA2  granular  propellant  (see  Fig.  2)  was  manufactured  as  right-circular 
cylinders  with  7  perforations.  The  average  grain  diameter  was  7.5  mm  and  the 
length  was  16  mm.  The  perforation  diameter  was  measured  at  0.69  mm. 


Actuator 
Impact  Bell 
Specimen 
Stage 

Impact  Cone 

Shock  Absorbing 
Piston  &  Cylinde: 

Base 


Fig.  1  High-rate  MTS-SHT  apparatus 


Fig.  2  Propellant  grains  as  received,  scale  in  millimeters 
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The  propellant  grains  were  first  prepared  into  test  specimens  with  an  Isomet  low- 
speed  diamond-blade  saw.^®  To  ensure  that  specimen  ends  were  machined  to  be 
flat,  mutually  parallel,  and  perpendicular  to  the  extruded  axis,  2  new  diamond 
blades  were  placed  on  the  spindle  of  the  saw  spaced  9  mm  apart.  The  specimen 
grain  was  then  placed  in  the  grain  holder  and  allowed  to  pass  between  the  2  blades 
during  saw  operation  so  that  both  ends  were  simultaneously  cut.  The  finished  test 
specimens  had  a  length-to-diameter  ratio  of  approximately  1.2  (Fig.  3). 


Fig.  3  Finished  specimen  propellant  grains,  scale  in  millimeters 


Single-grain  specimens  for  uniaxial  compressive  tests  (Fig.  4)  were  placed  on  the 
specimen  stage  for  each  test.  A  previous  study  with  JA2  indicated  that  lubrication 
of  the  platens  had  little  effect  on  the  mechanical  properties."^  The  Joint  Army  Navy 
NASA  Air  Force  standard"  requires  that  lubrication  not  be  used  for  propellant 
samples.  Therefore,  lubrication  of  the  sample  end  faces  was  not  performed.  The 
compressive  tests  were  conducted  at  atmospheric  pressure.  An  average  strain  rate 
of  approximately  100  s“*  was  used  to  compress  the  specimens  to  failure  (generally 
about  50%  or  greater  strain  for  most  of  the  samples).  After  the  compression 
experiment,  the  sample  was  recovered  (Fig.  5)  for  comparison  and  postmortem 
analysis. 


Fig.  4  Specimen  loaded  on  stage  of  MTS-SHT  apparatns 
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-10  °C  ^0  °c 

Fig.  5  Postexperiment  specimen  on  stage  of  MTS-SHT  apparatus  prior  to  fragment  recovery 

The  environmental  ehamber  used  to  temperature-eondition  the  JA2  propellant  test 
speeimens  was  a  Thermotron-series  model  SE-300  ehamber  with  a  model  8800 
programmer  eontroller  that  regulated  the  temperature  from  -50  to  80  °C.  The  test 
speeimens  were  plaeed  into  the  chamber  while  at  ambient  temperature,  and  the 
temperature  chamber  then  was  regulated  to  the  desired  test  temperature. 
Thermocouples  were  used  to  measure  both  air  temperature  and  specimen 
temperature.  The  temperature  was  ramped  at  a  rate  of  approximately  1  °C/min. 
When  the  specified  temperature  was  achieved  for  both  air  and  specimen,  the 
specimens  were  conditioned  for  1  h  before  the  high-rate  testing  commenced. 

The  electron  microscope  used  for  this  study  was  an  International  Scientific 
Instmments,  Inc.,  SS40  scanning  electron  microscope  (SEM).  The  electron  energy  was 
10  kV.  The  samples  were  cold-cathode  sputtered  with  a  gold/palladium  alloy  prior  to 
examination.  The  metallic  coating  was  a  few  atoms  thick  but  allowed  electrical 
conduction  to  ground  of  excess  electrons,  which  would  otherwise  affect  image  quality. 
Image  magnification  was  typically  lOx  to  50x  for  this  report. 

3.  Results  and  Discussion 


MTS-SHT  mechanical  property  experiments  were  eondueted  on  a  minimum  of  3 
speeimens  at  each  temperature.  An  approximate  strain  rate  of  100  s“*  was  achieved. 
The  specimens  were  temperature  eonditioned  and  uniaxially  compressed  to  failure 
at  ambient  pressure  to  a  maximum  of  70%  end  strain.  The  resulting  engineering 
stress/engineering  strain  plots  are  shown  in  Figs.  6-19.  Photographs  of  the  retained 
speeimens  after  eompression  also  were  reeorded  (Figs.  21-34). 
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Fig.  6  Typical  stress-strain  curves  for  JA2  at  a  rate  of  ~100  s  ^  obtained  at  80  °C 


Fig.  7  Typical  stress-strain  curves  for  JA2  at  a  rate  of  -100  s  ^  obtained  at  70  °C 
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Fig.  8  Typical  stress-strain  curves  for  JA2  at  a  rate  of  ~100  s  ^  obtained  at  60  °C 


Fig.  9  Typical  stress-strain  curves  for  JA2  at  a  rate  of  -100  s  ^  obtained  at  50  °C 
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Fig.  10  Typical  stress-strain  curves  for  JA2  at  a  rate  of  ~100  s  ^  obtained  at  40  °C 


Fig.  11  Typical  stress-strain  curves  for  JA2  at  a  rate  of  ~100  s  ^  obtained  at  30  °C 
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Fig.  12  Typical  stress-strain  curves  for  JA2  at  a  rate  of  ~100  s  ^  obtained  at  20  °C 


Fig.  13  Typical  stress-strain  curves  for  JA2  at  a  rate  of  -100  s  ^  obtained  at  10  °C 
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Fig.  14  Typical  stress-strain  curves  for  JA2  at  a  rate  of  ~100  s  ^  obtained  at  0  °C 


Fig.  15  Typical  stress-strain  curves  for  JA2  at  a  rate  of  -100  s  ^  obtained  at  -10  °C 


9 


Fig.  16  Typical  stress-strain  curves  for  JA2  at  a  rate  of  ~100  s  ^  obtained  at  -20  °C 


Fig.  17  Typical  stress-strain  curves  for  JA2  at  a  rate  of  -100  s  ^  obtained  at  -30  °C 
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Fig.  18  Typical  stress-strain  curves  for  JA2  at  a  rate  of  ~100  s  ^  obtained  at  -40  °C 


Fig.  19  Typical  stress-strain  curves  for  JA2  at  a  rate  of  -100  s  ^  obtained  at  -50  °C 
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The  compressive  (Young’s)  modulus  is  defined  as  the  slope  of  the  linear  region 
(Fig.  20)  of  the  stress-strain  curves  in  Figs.  6-19  as  the  stress  increases  from  zero 
to  the  maximum  supported  stress.  This  region  always  occurs  prior  to  the  yield  point 
(Fig.  20).  In  the  case  of  JA2,  the  sample  begins  to  yield  at  stresses  slightly  higher 
than  those  in  the  linear  region  where  the  compressive  (Young’s)  modulus  is 
defined.  Without  a  local  maximum  to  unambiguously  define  an  apparent  yield 
point, locating  the  yield  point  is  rather  tenuous.  The  method  of  second 
derivative*^  also  was  used  to  locate  the  yield  point. 


Strain  (%) 

Fig.  20  Graphical  depiction  of  data  used  to  determine  Young’s  modulus,  yield  point,  failure 
point,  and  the  failure  modulus  on  a  typical  JA2  stress-strain  curve 

As  JA2  yields,  it  supports  increasing  stress  by  strain  hardening  (Fig.  20)  until  the 
maximum  supported  stress  is  attained.  After  the  maximum  supported  stress 
(defined  as  the  point  at  which  stress-reducing  failure  commences)  is  reached,  the 
specimen  can  only  support  reduced  levels  of  stress  as  the  strain  continues  to 
increase.  In  this  region  of  the  stress-strain  curve,  the  combination  of  all  stress- 
reducing  modes  indicates  that  the  specimen’s  structural  integrity  is  compromised 
in  some  fashion  and  “failure”  is  occurring.  The  slope  of  the  linear  portion  of  this 
region  of  the  stress-strain  curve  is  defined  to  be  the  failure  modulus  (Fig.  20). 
Typically,  the  slope  of  the  failure  modulus  is  negative  and  indicative  of  failure 
modes  reducing  the  applied  stress  in  the  specimen.  As  the  modulus  becomes  more 
negative  (larger  in  magnitude  in  the  negative  direction),  the  specimen  exhibits 
increasingly  brittle  behavior.  If  the  propellant  is  too  brittle,  the  propellant  can 
fracture  in  an  unprogrammed  fashion  during  a  gun  firing.  This  fracturing  can 
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produce  an  unprogrammed  increase  in  surface  area  of  the  propellant,  which  can 
produce  an  undesirable  increase  in  burning  rate  and  gaseous  mass  production.  The 
increase  in  gaseous  mass  production  can  influence  the  interior  ballistic  cycle  of  the 
gun  firing  and  adversely  affect  the  performance,  accuracy,  and  ultimately  the  life 
cycle  of  the  gun  itself 

The  following  Table  contains  the  sample-averaged  temperature-dependent 
Young’s  and  failure  moduli  as  obtained  in  this  study.  The  table  also  delineates  the 
averaged  yield  stress  and  averaged  maximum  supported  (failure)  stress  at  each 
temperature  with  its  accompanying  strain.  A  full  analysis  of  this  data  is  beyond  the 
scope  of  this  report  and  will  be  produced  at  a  later  date.*^ 

Table.  Averaged  mechanical  property  parameters  of  JA2  7-perforation  grain  undergoing 
uniaxial  compression  at  a  rate  of  ~100  s“^  over  a  temperature  range  from  -50  to  80  °C  derived 
from  Figs.  6-19  (measurement  error  of  last  significant  digit  in  parentheses) 


Temp. 

(°C) 

Failure 

Stress 

(MPa) 

Failure 

Strain 

(%) 

Failure 

Modulus 

(GPa) 

Young’s 

Modulus 

(GPa) 

Yield 

Stress 

(MPa) 

Yield 

Strain 

(%) 

Yield 
Strain 
by  2nd 
Derivative 
(%) 

80 

21(3) 

42(4) 

-0.150(5) 

<0.01 

<0.1 

<0.5 

ID* 

70 

26(5) 

49(2) 

-0.15(1) 

<0.01 

<0.1 

<0.5 

ID* 

60 

33(3) 

52.4(7) 

-0.6(2) 

0.17(2) 

4(2) 

3(1) 

1.5(5) 

50 

39(2) 

53.6(4) 

-0.45(3) 

0.33(2) 

5.2(5) 

2.6(3) 

2.7(7) 

40 

38.4(9) 

53.4(3) 

-0.41(2) 

0.25(5) 

4.2(4) 

2.1(3) 

2.1(2) 

30 

48.0(7) 

54(1) 

-0.54(4) 

0.48(2) 

6.5(4) 

2.1(1) 

2.8(8) 

20 

56(3) 

52(2) 

-0.40(9) 

0.56(4) 

9.3(7) 

2.6(2) 

2.2(6) 

10 

76.1(5) 

50(2) 

-0.34(7) 

0.8(1) 

14.7(5) 

2.8(4) 

3(1) 

0 

84(2) 

49.8(7) 

-0.5(2) 

0.69(6) 

19(1) 

3.4(4) 

2.7(5) 

-10 

78(1) 

44.6(9) 

-0.73(1) 

0.95(2) 

25.5(5) 

3.5(3) 

2.5(5) 

-20 

83(2) 

44.0(7) 

-1.2(4) 

1.0(1) 

26(2) 

4(1) 

2.6(2) 

-30 

98(6) 

43.9(7) 

-1.0(2) 

1.36(4) 

46(4) 

4.5(5) 

2(1) 

-40 

111(7) 

37(1) 

-3(2) 

2.1(2) 

64(8) 

6(1) 

3(1) 

-50 

110(7) 

32.5(8) 

-3(1) 

2.4(1) 

80(10) 

5(1) 

2.4(6) 

TO  =  indeterminate 


After  the  compression  event,  the  impact  bell  was  raised  and  the  propellant  was 
reeovered  from  the  SHT  stage  and  visually  imaged  as  a  group  exeeuted  at  the  same 
temperature.  Figures  21-34  show,  respeetively,  the  recovered  propellant 
fragment(s)  for  the  stress/strain  eurves  in  Figs.  6-19.  The  view  is  from  the  impaet 
bell.  As  noted  in  the  Table,  the  failure  modulus  becomes  increasingly  more  negative 
as  the  temperature  decreases.  This  trend  is  mirrored  in  Figs.  21-34  with  an 
inereased  number  of  fragments  as  the  temperature  is  deereased. 
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Fig.  21  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  80  °C, 
scale  in  millimeters 


Fig.  22  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  70  °C, 
scale  in  millimeters 


Fig.  23  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  60  °C, 
scale  in  millimeters 
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Fig.  24  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  50  °C, 
scale  in  millimieters 


Fig.  25  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  40  °C, 
scale  in  millimeters 
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Fig.  26  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  30  °C, 
scale  in  millimeters 
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Fig.  27  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  20  °C, 
scale  in  millimeters 


Fig.  28  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  10  °C, 
scale  in  millimeters 


Fig.  29  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  0  °C, 
scale  in  millimeters 
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Fig.  30  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  ~100  s  ^  obtained  at 
-10  °C,  scale  in  millimeters 


Fig.  31  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  ~100  s  ^  obtained  at  -20  °C, 
scale  in  millimeters 


Fig.  32  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  -100  s  ^  obtained  at  -30  °C, 
scale  in  millimeters 
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Fig.  33  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  ~100  s  *  obtained  at  -40  °C, 
scale  in  millimeters 


Fig.  34  Postcompression  image  of  JA2  grain  samples  at  a  rate  of  ~100  s  *  obtained  at  -50  °C, 
scale  in  millimeters 

After  the  compressed  samples  were  recovered  from  the  platen,  the  samples  were 
prepared  for  electron  microscopy.  Nearly  whole  grains  (i.e.,  Figs.  21-32)  were 
chilled  over  liquid  nitrogen  for  30  min  and  cold-cleaved.  The  target  for  cold¬ 
cleaving  was  to  create  a  cross  section  containing  up  to  3  perforations.  The  cold- 
cleave  process  minimally  disturbs  the  shape  and  morphology  of  the  sample  for 
internal  cross-section  examination.  Samples  such  as  in  Figs.  33  and  34  did  not 
require  cold  cleaving  for  acquiring  internal  cross-sectional  information. 

The  SEM  images  for  the  grain  cross  sections  were  assembled  as  a  panorama  view 
of  the  cross  sections  so  that  both  sides  of  the  cold-cleaved  sample  could  be  viewed 
when  possible.  Some  of  the  images  in  Figs.  35^8  show  scrape  marks  from  the 
cleaving  blade,  but  sufficient  undisturbed  areas  are  present  for  the  analysis  required 
in  this  study. 
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Fig.  35  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  -100  s“\  80  °C,  and  strain  greater  than  40%),  50x  magnification 


Fig.  36  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of -100  s“\  70  °C,  and  strain  greater  than  40%),  lOx  magnification 
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Fig.  37  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  60  °C,  and  strain  greater  than  40%),  50 x  magnification 


Fig.  38  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of -100  s“\  50  °C,  and  strain  greater  than  40%),  lOx  magnification 
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Fig.  40  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  30  °C,  and  strain  greater  than  40%),  lOx  magnification 
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Fig.  41  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of -100  s“\  20  °C,  and  strain  greater  than  40%),  lOx  magnification 


Fig.  43  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  0  °C,  and  strain  greater  than  40%),  lOx  magnification 


Fig.  44  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  -100  s“\  -10  °C,  and  strain  greater  than  40%),  50x  magnification 
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Fig.  45  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  -20  °C,  and  strain  greater  than  40%),  50x  magnification 


Fig.  46  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  -30  °C,  and  strain  greater  than  40%),  50x  magnification 


Fig.  47  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  -40  °C,  and  strain  greater  than  40%),  50x  magnification 


Fig.  48  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  -50  °C,  and  strain  greater  than  40%),  lOx  magnification 
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All  of  the  samples  in  Figs.  35^8  were  compressed  to  a  strain  greater  than  the 
failure  point.  Therefore,  all  of  the  samples  showed  failure  damage  in  addition  to 
deformation  damage  as  functions  of  temperature.  At  the  higher  temperatures  (Figs. 
35  and  36),  the  deformation  damage  was  mostly  barrel  expansion  with  little  internal 
failure  damage.  The  perforations  were  still  open  end  to  end,  but  were  significantly 
enlarged  mid-sample.  Internal  failure  damage  was  mostly  enlargement  of  the 
central  perforation  with  a  single  fracture  on  the  exterior  hoop  of  the  sample  (Figs. 
21  and  22).  This  deformation  demonstrated  a  viscous  flow  over  much  of  the  strain 
range.  Another  indicator  of  the  possibility  of  viscous  flow  are  the  greatly  reduced 
Young’s  moduli  in  the  Table  for  these  temperatures. 

As  the  temperature  decreased  (Figs.  37-44),  the  Young’s  moduli  in  the  Table 
increased,  the  failure  modulus  became  more  negative,  and  internal  fractures  became 
more  evident.  While  some  flow  was  evident  in  the  expansion  of  the  perforations, 
internal  fractures  and  voids  formed  with  more  surface  area  generation.  JA2  at  these 
temperatures  is  definitely  more  rigid  and  brittle  than  at  above  60  °C. 

Below  -10  °C,  JA2  rapidly  becomes  more  rigid  and  brittle.  Figure  45  shows  very 
little  enlargement  of  the  perforations  and  shows  extensive  fractures.  These  factors 
indicate  that  the  temperature  may  be  approaching  a  glass  transition  temperature 
(Tg).  Another  study  using  a  different  technique  has  shown  a  possible  Tg  for  JA2 
near  -21  °C.*^  Below  -30  °C  (Figs.  47  and  48),  there  appears  to  be  only  brittle 
fracture  damage. 

Because  the  strain  in  Figs.  21-34  and  35^8  was  allowed  to  exceed  the  failure 
point,  the  postmortem  examination  of  these  samples  shows  only  the  ultimate 
damage  experienced  past  the  failure  point.  Examination  of  the  stress-strain  curves 
in  Figs.  6-19  shows  that  if  the  strain  were  kept  below  37%  engineering  strain,  all 
of  the  samples  would  experience  deformation  below  the  failure  point  but  not 
complete  structural  failure.  Examination  of  the  internal  morphology  then  could 
reveal  clues  to  the  accumulating  damage  to  the  sample  that  would  ultimately  initiate 
the  failure. 

Figures  49-66  are  SEM  images  obtained  from  samples  at  selected  temperatures  that 
were  uniaxially  compressed  to  approximately  35%  strain.  The  samples  were  then 
cold-cleaved  and  examined.  Figures  49-57  are  images  at  IQx  magnification  and  are 
useful  for  examining  the  gross  deformation  of  the  sample.  Figures  58-66  are  from 
the  same  samples  as  Figs.  49-57  but  are  obtained  at  a  higher  50x  magnification  and 
show  evidence  of  the  damage  accumulating  as  the  JA2  work-hardened  prior  to  the 
failure  point. 
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Figures  49-52  show  fairly  smooth  deformation  along  the  axis  of  the  sample.  The 
most  dilation  damage  occurred  nearest  the  end  of  the  sample  that  rested  on  the  SHT 
stage.  As  the  temperature  decreased,  the  region  of  major  dilation  moved  upward 
along  the  sample  until  it  was  approximately  midway  between  the  compression 
platens. 

It  is  possible  that  this  deformation  is  evidence  of  the  pressure  wave  initiated  by  the 
impact  of  the  impact  bell  on  the  sample  as  it  reflected  off  of  the  opposite  end  of  the 
sample  and  was  reinforced  by  the  continuing  pressure  from  the  still-moving  impact 
bell.  The  viscosity  of  the  JA2  would  be  the  least  in  Fig.  49  and  would  be  greater  in 
Fig.  52.  The  increasing  viscosity  and  stiffness  of  the  sample  as  the  temperature  was 
decreased  should  shift  the  reinforcing  region  closer  to  the  incoming  pressure  wave 
as  shown  in  these  figures. 

Figure  54  (-20  °C)  shows  the  rapid  onset  of  less  ductile  behavior  (an  indicator  of  a 
possible  Tg).  The  perforations  show  less  barreling  deformation  and  little  dilation. 
The  cold-cleave  process  also  was  not  as  clean,  indicating  that  the  resiliency  of  the 
sample  was  compromised  during  uniaxial  compression  and  that  random  failure 
mode  sites  were  present,  which  compromised  the  cold-cleave  process.  This 
behavior  continued  through  Figs.  54-57  (temperatures  down  to  -50  °C). 

Figures  58-66  show  higher  magnified  regions  of  the  samples  from  Figs.  49-57.  At 
60  °C  (Fig.  58),  there  were  few  microvoids  formed;  however,  the  small  cracks  that 
formed  originated  from  the  microvoids.  Otherwise,  not  much  damage  was  noted. 
At  40  °C  (Fig.  59),  more  microvoids  were  noted  as  well  as  some  larger  void 
openings  in  the  perforation  region.  At  20  °C  (Fig.  60),  more  frequent  and  larger 
void  openings  in  the  perforation  region  were  formed. 

At  0  °C  (Fig.  61),  voids  were  larger  and  more  frequent.  Crack  formation  from  void 
to  void  was  evident  as  more  cracks  were  formed.  At  -10  °C  (Fig.  62),  the  cracks 
became  longer  as  the  crack  tip  progressed  from  void  to  void. 

Below  -20  °C  (Figs.  63-66),  voids  were  larger  and  more  frequent.  Crack 
propagation  appeared  to  move  from  void  to  void  with  fewer  extended  cracks  than 
at  warmer  temperatures.  Fracture  extending  directly  from  void  to  void  with  an 
increasing  number  of  voids  with  less  material  between  voids  should  be  less  energy- 
intensive  than  solely  crack- tip  propagation. The  decreased  failure  strain  and  the 
larger  magnitude  of  the  failure  modulus  in  the  Table  at  temperatures  below 
approximately  -20  °C  are  indicative  of  this  trend.  The  shape  and  number  of 
fragments  in  Figs.  31-34  also  indicate  that  the  fracture  process  is  more  random  and 
more  efficient  as  the  temperature  was  dropped  below  approximately  -10  °C. 
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Fig.  49  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  60  °C,  and  strain  equal  to  35%),  lOx  magnification 


Fig.  50  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  40  °C,  and  strain  equal  to  35%),  lOx  magnification 


Fig.  51  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  20  °C,  and  strain  equal  to  35%),  lOx  magnification 


Fig.  52  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  0  °C,  and  strain  equal  to  35%),  lOx  magnification 


29 


Fig.  53  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  -10  °C,  and  strain  equal  to  35%),  lOx  magnification 


Fig.  54  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  -20  °C,  and  strain  equal  to  35%),  lOx  magnification 
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Fig.  55  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  -30  °C,  and  strain  equal  to  35%),  lOx  magnification 


Fig.  56  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  ~100  s“\  -40  °C,  and  strain  equal  to  35%),  lOx  magnification 
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Fig.  57  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  -100  s“\  -50  °C,  and  strain  equal  to  35%),  lOx  magnification 


SEM  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a  rate  of 
60  °C,  and  strain  equal  to  35%),  50x  magnification 


Fig.  59  SEM  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a  rate  of 
~100  s“\  40  °C,  and  strain  equal  to  35%),  50x  magnification 


Fig.  60  SEM  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a  rate  of 
-100  s“\  20  °C,  and  strain  equal  to  35%),  50x  magnification 
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Fig.  61  SEM  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a  rate  of 
-100  s“\  0  °C,  and  strain  equal  to  35%),  50x  magnification 


Fig.  62  SEM  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a  rate  of 
-100  s“\  -10  °C,  and  strain  equal  to  35%),  50x  magnification 
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Fig.  63  SEM  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a  rate  of 
-100  s“\  -20  °C,  and  strain  equal  to  35%),  50x  magnification 


Fig.  64  SEM  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a  rate  of 
-100  s“\  -30  °C,  and  strain  equal  to  35%),  50x  magnification 
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Fig.  66  SEM  panorama  of  postcompression  JA2  grain  sample  (uniaxially  compressed  at  a 
rate  of  -100  s“\  -50  °C,  and  strain  equal  to  35%),  50 x  magnification 
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4.  Conclusions 


JA2,  a  viscoelastic  propellant  was  examined  for  its  mechanical  properties  under 
uniaxial  compression  at  a  ballistically  relevant  strain  rate  of  approximately  100  s  ' 
at  each  decade  in  temperature  over  the  temperature  range  of  80  to  -50  °C.  At  the 
hottest  temperatures  examined,  the  JA2  was  initially  in  a  rubbery  or  low  viscosity 
state.  An  elastic  region  was  not  discemable  at  this  scale  in  its  stress-strain  curve.  It 
then  work  hardened  to  over  40%  strain  before  structural  failure  began  to  occur.  At 
temperatures  near  60  °C  and  below,  JA2  exhibited  elastic  behavior  before  yielding, 
followed  by  work  hardening  until  failure  at  high  strain. 

SEM  was  used  to  determine  the  morphological  state  of  the  propellant  after  failure 
at  high  strain.  This  examination  showed  changes  in  the  amount  and  modes  of  failure 
as  the  temperature  decreased.  Because  this  examination  only  showed  the  effects  of 
full  damage,  the  samples  were  repeated  at  an  ultimate  strain  of  approximately  35% 
(at  or  below  the  failure  strain  for  the  entire  temperature  range  as  shown  in  Figs. 
6-19).  At  this  strain,  the  stress-reducing  modes  were  still  in  a  formative  state  and 
could  be  examined.  At  temperatures  above  approximately  20  °C,  plastic  flow  in  the 
orthogonal  direction  to  the  compression  was  noted  with  microvoid  formation  more 
frequent  as  the  temperature  decreased.  Below  this  temperature,  microvoid 
formation  and  crack-tip  propagation  between  voids  seemed  to  dominate.  However, 
by  -20  °C  it  appeared  that  microvoid  formation  with  fracture  void  to  void 
dominated. 

Interior  ballistics  modeling  of  the  use  of  JA2  grains  in  a  propelling  charge  will 
continue  to  evolve  and  improve.  One  improvement  is  to  include  grain  fracture.  If 
grain  fracture  is  to  be  modelled  accurately,  the  fracture  trends  as  a  function  of 
temperature,  strain,  and  strain  rate  will  need  to  be  known.  The  data  in  this  report 
will  need  to  be  converted  into  constitutive  relations  for  inclusion  into  the  computer 
model.  This  conversion  is  beyond  the  scope  of  this  report. 

JA2  is  also  used  as  a  reference  for  material  properties  in  propellant  development. 
Its  resiliency  over  much  of  the  service  temperature  range  has  been  used  as  a 
standard  to  gage  new  propellants  with  regards  to  mechanical  properties.  With  new 
elastomeric  binders  and  polymeric  exterior  grain  coatings  the  strain  range  of  the 
standard,  JA2,  needed  to  be  extended.  The  service  temperature  range  for  some 
ammunition  propelling  charges  has  been  extended  so  the  temperature  range  of  the 
standard  also  needed  to  be  extended.  This  report  has  accomplished  both  of  these 
requirements. 
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